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Land managers typically use herbicides, biological controls, fire, grazing, and reveg-
etation to manage and restore rangeland dominated by invasive plants. Without
careful planning and implementation, these tools may temporarily control the weeds
but may ultimately have minimal influence on ecological processes, fail over the long
term, and lead to weed reinvasion. This can result from the lack of a broad ecological
perspective. Successional management provides a process-based framework for weed
ecologists to develop and test integrated weed management strategies and for land
managers to organize implementation of these strategies in a way that adequately
addresses ecological processes. This framework offers land managers practical meth-
ods for modifying ecological processes to direct plant community composition away
from invasive species and toward desired plant assemblages. To date, successional
management has not gained widespread application because, in part, it has not been
conceptually linked to other successional models. Therefore, we illustrate how other
successional models can be incorporated within the framework. Incorporating other
prevailing successional models will further elucidate ecological processes, offer ad-
ditional management strategies, and widen the possibilities for ecologically based
management of rangeland weeds. Approaching management of weed-infested range-
land through this process-based framework will enable managers to implement strat-
egies that maximize the likelihood of success because these methods will be integrated
based on ecological principles. Successional management should be adjusted as we
gain a better understanding of the factors that drive succession.

Key words: Ecological processes, invasion, restoration, succession, weeds.

Plant ecologists have studied temporal and spatial changes
in plant community composition for more than a century
and a half. Thoreau (1860) used the term ‘‘succession’’ to
describe temporal changes in plant community composition,
and observations by Clements (1916; 1936) and Gleason
(1917) appear to be responsible for the term’s general ac-
ceptance. During the past century, the concept of succession
has included a new and troublesome factor—nonindige-
nous, invasive species. Nonindigenous plant invasions can
dramatically change the rate and direction of succession
(Billings 1990); the structure, organization, and function of
ecosystems (D’Antonio and Vitousek 1992; Lacey et al.
1989; Olson 1999a; Whisenant 1990); and the aesthetic,
ecological, and economic value of rangelands (DiTomaso
2000).

When successional trajectories are changed by the pres-
ence of invasive plants, management focuses on killing the
weeds with traditional control methods, such as herbicides,
biocontrols, or mechanical control, with limited regard to
the underlying processes that contributed to the invasion
(Sheley and Krueger-Mangold 2003). This approach often
results in reinvasion or invasion by an equally undesirable
nonindigenous species. To achieve sustainable management,
managers need to address fundamental ecological processes
and how they promote the establishment and persistence of
invasive plants (Sheley and Krueger-Mangold 2003).

Successional management has been proposed as a way to
develop ecologically based management strategies for inva-
sive plants (Pickett et al. 1987; Sheley et al. 1996). Nu-
merous models that explain mechanisms responsible for
plant community change through time and space have been

developed throughout the 20th century, but none of them
have been included in successional management. The pur-
pose of this article is to illustrate how to integrate other
mechanistic successional models into the successional man-
agement framework to improve our understanding of plant
community dynamics.

Successional Management Framework

Pickett et al. (1987) proposed a hierarchical successional
management framework that lends itself well to understand-
ing processes influencing plant community dynamics. The
first level of the hierarchy identifies three general causes of
succession: site availability, species availability, and species
performance (Table 1). For invasion to occur, safe sites for
the invader need to be present. Second, invader propagules
need to occupy those sites. Third, the invading species must
perform successfully in the new sites. These general causes
underlie all cases of plant community change and can guide
our search for a better understanding of succession and its
management (Pickett et al. 1987). Ecological processes that
influence the three causes of succession form the second
level of the hierarchy (Table 1). We have clarified the second
level of the hierarchy by including the term ‘‘components’’
in addition to ‘‘processes’’; many of the factors within the
second hierarchical level are not ecological processes, per se,
but encompass crucial components that are the consequence
of and catalysts for ecological processes. The third and final
level of the hierarchy details site-specific, modifying factors
that alter the processes and components and, in turn, influ-
ence successional dynamics (Table 1). Knowledge about the
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TABLE 1. Causes of succession, contributing processes and components, and modifying factors (modified from Pickett et al. 1987).

Causes of succession Processes and components Modifying factors

Site availability Disturbance Size, severity, time intervals, patchiness, predisturbance history
Species availability Dispersal Dispersal mechanisms and landscape features

Propagule pool Land use, disturbance interval, species life history
Species performance Resource supply Soil, topography, climate, site history, microbes, litter retention

Ecophysiology Germination requirements, assimilation rates, growth rates, genetic differentiation
Life history Allocation, reproduction timing and degree
Stress Climate, site-history, prior occupants, herbivory, natural enemies
Inteference Competition, herbivory, allelopathy, resource availability, predators

modifying factors can help in identifying strategies and
methods for shifting successional trajectories in desired di-
rections.

Luken (1990) applied the successional management
framework to natural resource management. He used man-
agement-oriented vernacular to describe the three causes of
succession: designed disturbance, controlled colonization,
and controlled species performance. Successional manage-
ment was modified specifically for nonindigenous plant in-
vasions by Sheley et al. (1996) and Sheley and Krueger-
Mangold (2003). They argued that plant communities dom-
inated by invasive plants could likely be restored by strate-
gically addressing the three causes of succession. Since being
proposed for natural resource and invasive plant manage-
ment, successional management has also been proposed for
restoring damaged wildlands (Whisenant 1999).

Successional management has been tested for invasive
plant management over the past several years. The potential
efficacy of biocontrol was evaluated with successional man-
agement by understanding how natural enemies affect the
processes and components of dispersal, stress, and interfer-
ence of target and nontarget plants (Sheley and Rinella
2001). Restoring rangeland infested with invasive plants be-
came more effective as the causes of succession were increas-
ingly addressed (R. L. Sheley, J. S. Jacobs, and J. J. Svejcar,
unpublished data). Augmentative restoration of weed-infest-
ed rangeland included applying successional management by
assessing the current state of processes associated with the
three causes of succession. When processes were found to
be damaged, they were amended in an effort to restore na-
tive grasses and forbs (Bard et al. 2004).

The adoption of successional management has been ham-
pered because we lack a thorough understanding of the fac-
tors that modify the processes and components directing
succession. Within the framework, the causes, processes, and
components of succession are presented, but very little
mechanistic detail is discussed. The framework does not al-
low for varying degrees of importance and functionality of
different processes and components from site to site. For
example, the most influential process at one site may not be
the most influential at another; additionally, the degree to
which an ecological process has been altered may vary across
a landscape (Bard et al. 2004). A more comprehensive un-
derstanding and a better assessment of the relative impor-
tance and the degree each process and component is func-
tioning at a site would strengthen the framework and in-
crease its usefulness for management and restoration of
weed-infested rangeland.

The successional management framework could be
strengthened by integrating other mechanistic successional

models into a more robust, unified framework that clarifies
the details and relative importance of processes and com-
ponents from site to site. Successional management provides
an encompassing perspective on plant community dynamics,
whereas other prevailing successional models provide de-
tailed mechanisms of plant community change. Together,
successional management and other successional models
may be useful for implementing ecologically based, invasive
plant management. The succession management framework
can be refined and improved as our understanding of other
successional models improves.

Processes and Components

An in-depth understanding of ecological processes and
their modifying factors is essential if the successional man-
agement framework is to move from theory to application
for invasive plant management. We acknowledge that suc-
cessional management has weaknesses, and we do not claim
to fill in all the gaps between its theory and application.
Instead, we hope to move toward clarification of complex
processes and components by illustrating how additional
successional models may be considered within the context
of the framework. We challenge other ecologists and land
managers to continue filling knowledge gaps between suc-
cessional management theory and application by thinking
beyond our current toolbox and developing and testing
strategies that are founded on the ecological processes that
may be most influential in their particular situation.

Disturbance

Disturbance is defined as a relatively discrete event in
time that disrupts ecosystem, community, or population
structure and changes the resources, substrate availability, or
physical environment (White and Pickett 1985). Distur-
bance is commonly viewed as contributing to weed invasion
(Lozon and MacIsaac 1997) and, therefore, viewed nega-
tively by land managers. Rangeland is typically managed to
prevent natural disturbance, but this can potentially increase
the severity of a natural disturbance when it does occur. For
example, historic fire suppression resulted in increased fuel
loads and high intensity wild fires that are believed to have
contributed to the expansion of cheatgrass (Bromus tectorum
L.) in the Great Basin (Whisenant 1990).

Disturbance is considered in the tolerance model of suc-
cession (Connell and Slatyer 1977) and the fluctuating re-
source availability theory (Davis et al. 2000). The tolerance
model proposes that as succession proceeds, species tolerant
of highly stressful environmental conditions, such as low
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TABLE 2. Causes of succession, contributing processes and components, and modifying factors in the expanded successional management
framework (modified from Pickett et al. 1987). Successional models and relevant citations are listed in italics under processes. Bold-faced
modifying factors are additional modifying factors proposed in text.

Causes of succession Processes and components Modifying factors

Site availability Disturbance Tolerance (Connell and Slatyer 1977);
Fluctuating Resource Availability (Davis et al.
2000)

Size, severity, time intervals, patchiness, predis-
turbance history, shallow tillage, grazing with
multiple types of livestock

Species availability Dispersal Inhibition (Connell and Slatyer 1977);
Initial Floristic Composition (Egler 1954)

Dispersal mechanisms and landscape features,
dispersal vectors, seedbed preparation, seed-
ing in phases

Propagule pool Inhibition, Initial Floristic Compo-
sition

Land use, disturbance interval, species life histo-
ry, assessment of propagule pool, seed coat-
ing

Species performance Resource supply Facilitation (Connell and Slatyer
1977); Resource Ratio Hypothesis (Tilman 1977,
1982, 1984, 1988)

Soil, topography, climate, site history, microbes,
litter retention, soil resource assessment, soil
impoverishment, R*

Ecophysiology Vital Attributes (Noble and Slatyer
1980)

Germination requirements, assimilation rates,
growth rates, genetic differentiation, compari-
son between native and introduced environ-
ments, seed priming

Life history Tolerance K- and r-strategists (MacAr-
thur 1962)

Allocation, reproduction timing and degree, sen-
sitivity analysis

Stress Tolerance, C-S-R (Grime 1979); Community
Assembly Theory (Diamond 1975)

Climate, site-history, prior occupants, herbivory,
natural enemies, identifying abiotic and biot-
ic filters, seeding species-rich mixtures

Interference Inhibition Competition, herbivory, allelopathy, resource
availability, predators, other level interactions,
cover crops, assisted succession

nutrient, water, and light availability, replace species with
low tolerance of those conditions. When disturbance fre-
quency remains low, those species that tolerate stressful con-
ditions continue to dominate. Once disturbance occurs, the
system becomes characterized by less-stressful conditions in
terms of resource availability, and this may initiate a change
in plant community composition.

The fluctuating resource availability theory states that dis-
turbance may cause a decline in resource use by plants or
an increase in resource supply rates through plant decom-
position, thus leading to an increase in resource availability
and increasing susceptibility to invasion (Davis et al. 2000).
For example, fire can result in a decline in resource use by
killing existing vegetation while simultaneously causing a
resource flux by depositing nutrient-rich ash and increasing
light penetration to the soil surface (Wright and Bailey
1982).

Implications for Successional Management

Rangeland managers may profit by viewing disturbance
as an opportunity to shift plant community composition
toward a more desired state (Westoby et al. 1989). Range-
land infested by near-monocultures of nonindigenous plants
that appear to be tolerant of current conditions may have
to be disturbed to increase resource availability for desirable
species (Cox and Anderson 2004). This is sometimes ac-
complished with herbicides, plowing, fire, and chaining
(Sheley and Petroff 1999). We encourage the further eval-
uation of shallow tillage and grazing with multiple classes
of livestock to modify the process of disturbance in a useful
manner (Table 2).

Shallow tillage with a disc, spring-toothed harrow, or oth-
er implement may be appropriate for management of some

nonindigenous, invasive species growing on relatively flat,
arable sites. Shallow tillage every 3 wk until the soil freezes
in the fall, for one to two growing seasons, has been used
to manage leafy spurge (Euphorbia esula L.) (Dersheid et al.
1960, 1963; Lym and Messersmith 1993). Dalmatian toad-
flax [Linaria dalmatica (L.) Mill.] was controlled by tilling
every 7 to 10 d during two successive growing seasons (Park-
er and Peabody 1983). Shallow tillage not only impedes the
performance of some weeds but also prepares seedbeds and
increases resource availability for desired species (Cox and
Anderson 2004; Sheley et al. 2005).

The specificity and intensity of disturbance may be con-
trolled by grazing with multiple types of livestock. Certain
classes of livestock preferentially graze specific plant life-
forms—sheep usually prefer forbs over grasses and shrubs,
whereas cows often preferentially graze grasses, and goats
often prefer shrubs (Olson 1999b). If rangeland is heavily
grazed by cattle, grasses are at a disadvantage for acquiring
water and nutrients compared with forbs, making improp-
erly grazed grasslands more susceptible to invasion by annual
grasses and nonindigenous forbs (DiTomaso 2000). By ma-
nipulating timing and intensity of grazing, managers can
control patterns of defoliation to place a target plant at a
competitive disadvantage relative to other plants in the com-
munity (Frost and Launchbaugh 2003). In grazed systems,
inherent diet selections have assisted in shifting species com-
position of native plant communities (Bowns and Bagley
1986). Knowledge gaps exist concerning multispecies graz-
ing and weed management; therefore, we propose further
testing of this strategy within the successional management
framework. We hypothesize that grazing with multiple types
of livestock may equalize disturbance across plant growth
forms and increase invasion resistance.
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Dispersal

The inhibition (Connell and Slatyer 1977) and initial
floristic composition (Egler 1954) models of succession rely
heavily on the process of dispersal because they imply that
any species can establish and reproduce as long as its prop-
agules are available at the site. Once established, a species
persists by acquiring and accumulating available resources,
thereby inhibiting the invasion of subsequent species until
the next disturbance occurs. Invasive plants like spotted
knapweed (Centaurea maculosa Lam.) can disperse to a re-
cently disturbed site, acquire available resources, hinder the
establishment of more desirable species, and arrest succes-
sional dynamics (Blicker et al. 2002; Chicoine et al. 1985).
The models of inhibition and initial floristic composition
imply that rangeland dominated by invasive plants is likely
to remain in its current state unless propagules of different
species are introduced through restoration activities.

Implications for Successional Management

Ecologists and land managers need a better understanding
of weed seed dispersal vectors across landscapes, followed by
focused management on those areas likely to experience an
influx of seeds, especially following a disturbance. Dispersal
before and immediately following disturbance is critical be-
cause those species that distribute their propagules across the
disturbed area may remain dominant. For example, exten-
sive stands of cheatgrass alter organic matter on the soil
surface and fire-return intervals to favor continued cheat-
grass dominance (Evans et al. 1970, Whisenant 1990).
Roads, trails, streams and rivers, and winter feeding areas
for livestock and wildlife are often highly disturbed and trav-
eled by humans, livestock, and wildlife and, thus, should be
carefully monitored for new weed infestations and managed
for weed control (Forcella and Harvey 1983; Tyser and Key
1988) (Table 2).

In contrast to the prevention of weed seed dispersal, dis-
persal of desirable species during restoration of weed-infested
rangeland may be more easily modified and controlled. Dis-
persal of desirable species can be modified through seedbed
preparation and seeding methods (Table 2). Chambers
(2000) modified soil surface characteristics to examine the
effects on seed entrapment and retention and subsequent
seedling emergence and survival on sagebrush steppe in Wy-
oming. She found that large depressions (50 cm wide by 10
cm deep) trapped and retained the most seeds and resulted
in the highest seedling emergence compared with smaller
depressions. When restoring weed-infested rangeland, we
should consider how to best prepare the seed bed and the
best seeding method to favor establishment of desirable spe-
cies and hamper reestablishment of weedy species. For ex-
ample, we hypothesize that large-seeded species like bottle-
brush squirreltail [Elymus elymoides (Raf.) Swezey] and blue-
bunch wheatgrass [Pseudoroegneria spicata (Pursh.) A. Löve]
will establish best on a seedbed that has similarly sized holes,
indentations, and crevices. The relationship between seed-
bed characteristics and seed morphology is an area of re-
search that needs further investigation.

The sequence, rate, and frequency of dispersal events can
have large effects on community composition (Booth and
Swanton 2002). Rangeland restoration often fails because
climatic conditions, especially precipitation events, are not

consistently conducive to species establishment (Bleak and
Keller 1974). Increasing dispersal frequency by seeding in
phases throughout multiple seasons or years will increase the
seeds’ chances of encountering environmental conditions
that are most conducive to seedling establishment and sur-
vival (Table 2). For example, it may be beneficial to refrain
from seeding until weather patterns suggest a high potential
for establishment. When reseeding perennial grasses follow-
ing western juniper (Juniperus occidentalis spp. occidentalis
Hook.) control on rangeland in central Oregon, establish-
ment was best when total precipitation for November
through January exceeded 12.5 cm and in which none of
the 3 mo individually were below 4.3 cm (Eddleman 2002).
The potential for a second phase of planting in February or
March, after seeding the previous fall, would allow an eval-
uation of available winter moisture and might increase the
probabilities for successful restoration.

Propagule Pool

As with dispersal, the inhibition (Connell and Slatyer
1977) and initial floristic composition (Egler 1954) models
of succession imply that a species can establish and repro-
duce if its propagules are available. Invasive species often
have very large and long-lived seed banks compared with
native species because of a combination of high seed pro-
duction and dormancy (Radosevich et al. 1997). Many in-
vasive species are known to exhibit somatic polymorphism
or the ability to produce seeds of differing morphologies,
dormancy, and germination requirements (Harper 1977).
This is generally viewed as a mechanism to enhance survival
across differing habitats and environmental conditions.

Desirable species may be found in the propagules pool in
much lower proportions compared with invasive species af-
ter decades of invasive plant dominance (Navie et al. 2004).
If so, then introduction of desirable species is necessary, of-
ten at high seeding rates to compete with the large number
of weed seeds (Velagala et al. 1997). In addition, evidence
suggests weedy species are less likely to reinvade a plant
community when the community already contains species
in a similar functional guild (Fargione et al. 2003; Pokorny
2002).

Implications for Successional Management

Immediately following disturbance, managers should as-
sess the composition of the propagule pool to determine
whether seeding is necessary (Poulsen et al. 1999) (Table 2).
If above-ground cover of desirable species is less than 20%,
propagule availability of desired species is probably low and
reintroduction of their propagules is necessary (Goodwin et
al. 2006). Reinvasion may be hindered if the remaining veg-
etation and propagule pool contain multiple functional
guilds (Carpinelli 2000; Symstad 2000). Furthermore, the
presence of species-rich functional guilds similar to the weed
being managed may hinder reinvasion. For example, Pokor-
ny (2002) found that invasion by the forb, spotted knap-
weed, was minimized by the presence of other native forbs,
more so than any other functional group. If desirable func-
tional guilds are rare or missing, revegetation of these guilds
is necessary. Application of broadleaf herbicides may elimi-
nate the functional guilds that are most similar to invasive
forbs, thereby promoting reinvasion. Choosing an herbicide
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and applying it at the appropriate rate and time can mini-
mize damage to nontarget forbs (Sheley and Denny 2006).

Establishing desirable species is difficult and often unsuc-
cessful. Introduction and establishment of desirable species
may be enhanced by seed coating (Table 2). Seed coating
can be used to treat desired species with compounds that
decrease susceptibility to pests and pathogens and alleviate
abiotic stress. Alfalfa (Medicago sativa L.) seeds treated with
peat and lime produced significantly greater plant emergence
and plant survival than noncoated seeds in field trials (Walsh
and Turk 1988) and were especially helpful for alfalfa estab-
lishment under conditions of limited moisture (Turk 1983).
Seed-coating technology can be especially useful in arid and
semiarid environments and warrants further investigation.

Resource Supply Rate

As succession progresses, resource supply varies as a re-
sponse to changes in soil physical characteristics, soil nutri-
ent and water content, soil microbial populations, and litter
accumulation (Wardle 2002a). Facilitation, a successional
model first proposed by Clements (1916) and later expand-
ed upon by Connell and Slatyer (1977), occurs when early
successional species increase nutrient supply rates, increase
litter and decomposition rates, decrease light penetration to
the soil surface, and shift composition of the plant and mi-
crobial community (Wardle 2002b).

Another successional model based on resource supply, the
resource ratio hypothesis, states that succession is a result of
species’ unique requirements for essential resources, espe-
cially soil nutrients (Tilman 1982, 1988). According to this
hypothesis, late-successional species are better competitors
for soil nutrients and moisture than early successional spe-
cies. As succession progresses, a species attains dominance
when ratios of essential soil resources result in its maximum
population growth rate relative to competing species. Til-
man (1982) postulated that the outcome of competition at
limited resource supply rates could be predicted by a species’
R*, the amount of a resource necessary for a species to main-
tain a stable population within a habitat. A resource supply
rate higher than R* leads to an increase in population size;
any value lower than R* leads to a decrease in population
size. The resource ratio hypothesis predicts that a species
with a lower R* will competitively displace a species with a
higher R*, under equilibrium conditions (Tilman 1982,
1984, 1988).

Implications for Successional Management

Before attempting to restore weed-infested rangeland, soil
resource availability should be assessed to determine what
amendments are necessary for establishing a more desirable
plant community (Bard 2004) (Table 2). Studies indicate
that invasive species generally prefer environments with high
resource supply rates, especially for nitrogen (N) (Blumen-
thal et al. 2003; Burke and Grime 1996; Huenneke et al.
1990; Maron and Connors 1996). Soil impoverishment,
which is the addition of carbon to soil to increase soil mi-
crobial populations, which, in turn, decrease soil N by se-
questration, has been proposed as a method for managing
weeds (Morgan 1994) (Table 2). Carbon additions have
been used to shift plant communities to late-successional
stages (McLendon and Redente 1991; Paschke et al. 2000)

and to decrease performance of invasive species (Blumenthal
et al. 2003; Herron et al. 2001).

Species’ R*s may provide insight into the effectiveness of
management strategies (Table 2). For example, Brockington
(2003) proposed using spotted knapweed’s estimated R* to
assess whether a biocontrol agent was effectively reducing
the plant’s ability to uptake soil nutrients, thereby, decreas-
ing its competitiveness. In addition, knowledge of species’
R* for various limiting resources can be used to predict the
outcome of plant community dynamics, to identify areas
susceptible to invasion based on patterns of resource avail-
ability and invasive species’ R*s, and to alter resource avail-
ability to direct plant community dynamics toward a desired
state.

Ecophysiology

Noble and Slatyer (1980) referred to ecophysiological
traits as ‘‘vital attributes.’’ Vital attributes include traits that
enable persistence through a disturbance, that permit estab-
lishment and maturation after a disturbance, and that in-
hibit other species. Ecophysiological traits, such as germi-
nation requirements, nutrient-assimilation rates, growth
rates, and genetic differentiation, might help predict which
species will dominate in a plant community under various
environmental conditions (Pickett 1982).

Implications for Successional Management

Comparisons between an invasive species’ native and in-
troduced environment might explain biotic and abiotic con-
ditions responsible for invasive behavior (Callaway and Asche-
houg 2000; Hierro and Callaway 2003) (Table 2). Some
invasive plants may use mechanisms that are not present in
the communities they invade and, thereby, disrupt inherent,
coevolved interactions among native species, the so-called
‘‘novel weapons’’ hypothesis (Callaway and Aschehoug 2000;
Callaway et al. 2005). For example, nonindigenous, invasive
forbs may be better host plants for arbuscular mycorrhizae
and develop more extensive hyphal networks than native
rangeland grasses (Zabinski et al. 2002). Further research
into a species’ ecophysiology and community dynamics
within a species’ native environment may help develop eco-
logically based management in the invaded ecosystem.

Many invasive annual grasses and forbs have faster ger-
mination rates than natives (DiTomaso 1999; Miller et al.
1999; Mosely et al. 1999; Rice 1999; Sheley et al. 1999a).
Seed-priming has increased germination rates of natives
(Hardegree 1994 and 1996; Hardegree et al. 2002). Priming
native seeds before planting into infested rangeland may en-
sure resource preemption and a positive feedback between
growth and resource uptake (Radosevich et al. 1997), there-
by, leading to greater restoration success (Table 2). Although
seed-priming has been traditionally used in horticultural set-
tings, research into the feasibility of seed priming for large
weed infestations on rangelands has been initiated (CIPM
2005) and warrants further investigation.

Life History

Life history describes phenological, physiological, and be-
havioral traits employed by a species as it passes from seed
to adulthood. The tolerance model of succession states that
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mechanisms responsible for the location of a species on a
successional trajectory are associated with life history (Con-
nell and Slatyer 1977). Early successional species that grow
quickly and produce large seed masts are eliminated in the
absence of disturbance because they allocate resources to re-
production and dispersal rather than to competitive plant
structures (r-strategists; MacArthur 1962). In contrast, late-
successional species dominate later because they grow more
slowly, are longer-lived, and allocate resources to below-
ground growth rather than seeds, allowing them to be more
tolerant of stressful environmental conditions like drought
and low-nutrient supply rates (K-strategists; MacArthur
1962). Even though invasive plants have been categorized
as r-strategists (Bazzaz 1986), many appear to also possess
some K-strategist traits, such as drought tolerance (Rado-
sevich et al. 1997).

Implications for Successional Management

Examining the life history of invasive plants and perform-
ing sensitivity analyses has been proposed as a means of
identifying vulnerable phases and key processes that regulate
population dynamics (Jacobs and Sheley 1998; Kriticos et
al. 1999; Maxwell et al. 1988; Sagar and Mortimer 1976)
(Table 2). A sensitivity analysis on the life history of cheat-
grass and yellow starthistle (Centaurea solstitialis L.) suggest-
ed the most-effective management for cheatgrass would fo-
cus on decreasing adult survivorship or seed production,
whereas the most-effective management for yellow starthistle
would center on reducing the number of juvenile plants
transitioning to adults (Sheley and Larson 1994). Informa-
tion like this helps managers decide the optimum time to
administer control strategies.

Although it may be cumbersome to perform sensitivity
analyses on every invasive plant, we can perform sensitivity
analyses on invasive species’ functional groups that have
been categorized based on genus, phenology, habitat pref-
erence, or other traits. Placing invasive plants into key func-
tional groups and performing sensitivity analyses will iden-
tify life-history stages most susceptible to management (Ta-
ble 2). Once these life-history stages are identified, we can
focus our management on modifying the process or com-
ponent that has the most influence on the life-history stage.
For example, if the highest sensitivity values for cheatgrass
(i.e., annual grass) are associated with adult survivorship and
seed production (Sheley and Larson 1994), management
strategies should focus on limiting dispersal and reducing
the propagule pool.

Stress

Competitive-stress tolerant-ruderal (C-S-R) theory
(Grime 1979) focuses on stress, in addition to disturbance
and competition. From a continuum of low-to-high stress,
disturbance, and competition, three evolutionary strategies
are apparent: ruderals, stress tolerators, and competitors.
Stress tolerators are those species that persist under condi-
tions of high stress, low disturbance, and minimal compe-
tition.

According to community assembly rules, stress tolerators
persist because they are able to pass through various filters,
i.e., conditions that cause stress (Diamond 1975). Booth
and Swanton (2002) applied community assembly theory to

weed communities and arrived at three types of filters or
stressful conditions that limit which species dominate along
the successional trajectory: geographic, environmental, and
internal. Geographic filters act as barriers to dispersal, (e.g.,
oceans and mountain ranges); environmental filters function
as stressful environmental conditions, such as drought,
floods, or shade; and internal filters eliminate those species
that cannot successfully compete with neighboring plants
because of a stressful plant–plant interaction, like allelopa-
thy, predation, or parasitism (Booth and Swanton 2002).

Implications for Successional Management

Effective rangeland weed management requires the iden-
tification of abiotic and biotic filters or stressors that are
influential in permitting invasion (Table 2). Weed preven-
tion programs must identify and use geographic and envi-
ronmental filters against propagule movement and establish-
ment to enhance existing barriers and create new barriers to
invasive plants. By identifying avenues of introduction into
landscapes susceptible to invasion, we will more effectively
contain existing infestations and prevent new infestations.
Establishing supplementary filters through management
strategies like treating the periphery of existing infestations
with herbicides, using weed-free hay and topsoil, limiting
disturbance and improper grazing, and monitoring to iden-
tify and control invasive plants will increase the effectiveness
of prevention-based strategies (Sheley et al. 1999b).

Filters to dispersal and establishment also exist when at-
tempting to establish desired species during restoration. We
suggest that one method to overcome environmental and
internal filters for establishing desired species is to seed with
species-rich mixes vs. mixes with only two or three species
(Table 2). Species-rich seed mixes have a higher chance of
containing species that successfully survive stressful environ-
mental conditions in a given year to increase establishment
of desirable species. Half (2004) found that seeding a mix
of six species resulted in seedling densities equal to or better
than seedling densities of each species seeded in monocul-
ture. Furthermore, species-rich seed mixes may address in-
ternal dynamics by ensuring complementary functional
guilds that increase invasion resistance (Carpinelli et al.
2004; Pokorny 2002; Symstad 2000).

Interference

Interference refers to the reduction of fitness of neigh-
boring plants from various mechanisms. Interference mech-
anisms include competition, allelopathy, herbivory, resource
availability, predators, and other trophic-level interactions
(Pickett et al. 1987). The inhibition model focuses on in-
terference mechanisms that limit the growth and reproduc-
tion of one species in the presence of another to the extent
that new species are prevented from establishing (Connell
and Slatyer 1977). For example, the success of some Cen-
taurea species is believed to stem partly from the allelopathic
compounds they exude (Callaway and Aschehoug 2000;
Fletcher and Renny 1963; Hierro and Callaway 2003).

Competition strongly influences plant community dy-
namics (Grime 1979; Tilman 1982; Grace and Tilman
2003). A review of studies that investigated mechanisms by
which invasive plants alter community structure showed that
85% of the studies documented strong competitive effects
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of the invasive species on growth, reproduction, and re-
source allocation of native residents (Levine et al. 2003).
Competition for resources between nonindigenous and na-
tive plants can occur during many life stages (Hamilton et
al. 1999). Invasive annual grasses effectively competed with
seedlings and multi-aged adults of the native bunchgrass,
purple needlegrass (Nassella pulchra A. Hitchc.), suggesting
potential for their long-term dominance in the absence of
management (Hamilton et al. 1999).

Implications for Successional Management

When restoring weed-infested rangeland, we propose the
addition of cover crops to shift interference mechanisms,
primarily competition, in favor of desirable, native species
(Table 2). Cover crops are short-lived species that are seeded
with the main crop to assist in its establishment (Hartwig
and Ammon 2002). Cover crops decrease water runoff and
soil erosion (Hartwig 1988), add organic material to the soil
(Hartwig and Ammon 2002), and sequester N (Corak et al.
1991). Cover crops have been used primarily in cropping
systems (Hartwig and Ammon 2002), but their benefits may
be similar during restoration of invasive plant-infested
rangelands. For example, Herron et al. (2001) found that
the addition of annual rye (Secale cereale L.) to a mixture of
spotted knapweed and bluebunch wheatgrass lowered soil N
and increased the competitiveness of bluebunch wheatgrass
by 10-fold relative to spotted knapweed.

Interference from nonindigenous annual grasses can limit
restoration of native communities. Assisted succession, the
initial sowing of competitive, introduced grasses followed by
a subsequent seeding of native species, may provide more
interference with invasive annual grasses than seeding ini-
tially with late successional native species (Jones 1997;
Roundy et al. 1997) (Table 2). Establishment of crested
wheatgrass to decrease annual grass cover and return eco-
system function has been shown to later increase establish-
ment of native bunchgrasses and shrubs in cheatgrass–in-
fested rangeland (Cox and Anderson 2004). Assisted suc-
cession can be more costly, but the benefit of a successful
restoration project that reestablishes a healthy ecosystem far
outweighs the expense.

Conclusion

Our expanded successional management framework illus-
trates how other successional models can be incorporated to
further elucidate ecological processes and provide a perspec-
tive for organizing process-based management strategies.
The model supports the development of testable hypotheses
about plant community change, specifically the invasion of
nonindigenous species, and can be updated and improved
as new successional theories are developed and tested. The
incorporation of additional mechanistic models of succes-
sion offers a more ecologically based perspective on current
management strategies, increases the probability of the
framework being applied effectively, and challenges ecolo-
gists and practitioners to develop new strategies for man-
aging invasive plants. Furthermore, by linking ecologically
based process models to successional management, we can
infer where the models need modification. In other words,
integrating other models that explain plant community dy-

namics into the framework can help test whether the models
are appropriate.

This expanded successional management model warrants
further testing and application to rangelands invaded by
nonindigenous plants. We believe that by considering suc-
cessional management collectively with other process-based
models of plant community dynamics, we can approach in-
vasive plant management with a higher likelihood of devel-
oping effective, ecologically based management strategies.
Furthermore, the succession management framework can be
refined and improved as our understanding of other succes-
sional models improves.

Literature Cited
Bard, E. B. 2004. Using ecological theory to guide the implementation of

augmentative restoration. M.S. thesis, Montana State University, Boze-
man, MT.

Bard, E. B., R. L. Sheley, J. S. Jacobsen, and J. J. Borkowski. 2004. Using
ecological theory to guide the implementation of augmentative res-
toration. Weed Technol. 18:1246–1249.

Bazzaz, F. A. 1986. Life history of colonizing plants: Some demographic,
genetic and physiological features. Pages 96–110 in H. A. Mooney
and J. Drake, eds. Ecology of Biological Invasions of North America
and Hawaii. New York: Springer.

Billings, W. D. 1990. Bromus tectorum, a biotic cause of ecosystem impov-
erishment in the Great Basin. Pages 301–322 in G. M. Woodwell, ed.
The Earth in Transition: Patterns and Processes of Biotic Impoverish-
ment. New York: Cambridge University.

Bleak, A. T. and W. Keller. 1974. Emergence and yield of six range grasses
planted on four dates using natural and treated seed. J. Range Manag.
27:225–227.

Blicker, P. S., B. E. Olson, and R. Engel. 2002. Traits of the invasive
Centaurea maculosa and two native grasses: effect of N supply. Plant
Soil. 247:261–269.

Blumenthal, D. M., N. R. Jordan, and M. R. Russelle. 2003. Soil carbon
addition controls weeds and facilitates prairie restoration. Ecol. Appl.
13:605–615.

Booth, B. D. and C. J. Swanton. 2002. Assembly theory applied to weed
communities. Weed Sci. 50:2–13.

Bowns, J. E. and C. F. Bagley. 1986. Vegetation responses to long-term
sheep grazing on mountain ranges. J. Range Manag. 39:431–34.

Brockington, M. R. 2003. Soil nutrient availability as a mechanistic as-
sessment of carbon addition and biological control of spotted knap-
weed (Centaurea maculosa Lam.). M.S. thesis. Montana State Univer-
sity, Bozeman, MT.

Burke, M.J.W. and J. P. Grime. 1996. An experimental study of plant
community invasibility. Ecology. 77:776–790.

Callaway, R. M. and E. T. Aschehoug. 2000. Invasive plants versus their
new and old neighbors: a mechanism for exotic invasion. Science. 290:
521–523.

Callaway, R. M., W. M. Ridenour, T. Laboski, T. Weir, and J. M. Vivanco.
2005. Natural selection for resistance to allelopathic effects of invasive
plants. J. Ecol. 93:576–583.

Carpinelli, M. F. 2000. Designing weed-resistant plant communities by
maximizing niche occupation and resource capture. Ph.D. dissertation.
Montana State University, Bozeman, MT.

Carpinelli, M. F., B. D. Maxwell, and R. L. Sheley. 2004. Revegetating
weed-infested rangeland with niche-differentiated desirable species. J.
Range Manag. 57:97–105.

[CIPM] Center for Invasive Plant Management. 2005. Restoration
Resource Database. ag.mus.montana.edu/cipmresource/projects/
MTCheyenneClayMarlowFinal.pdf.

Chambers, J. C. 2000. Seed movements and seedling fates in disturbed
sagebrush steppe ecosystems: implications for restoration. Ecol. Appl.
10:1400–1413.

Chicoine, T. K., P. K. Fay, and G. A. Neilsen. 1985. Predicting weed
migration from soil and climate maps. Weed Sci. 34:57–61.

Clements, F. E. 1916. Plant Succession. Washington, D.C.: Carnegie In-
stitute of Washington Publication 242.

Clements, F. E. 1936. Nature and structure of the climax. J. Ecol. 24:252–
284.

Connell, J. H. and R. O. Slatyer. 1977. Mechanisms of succession in nat-



604 • Weed Science 54, May–June 2006

ural communities and their role in community stability and organi-
zation. Am. Nat. 111:1119–1144.

Corak, S. J., W. W. Frye, and M. S. Smith. 1991. Legume mulch and
nitrogen fertilizer effects on soil water and corn production. Soil Sci.
Soc. Am. J. 55:1395–1400.

Cox, R. D. and V. J. Anderson. 2004. Increasing native diversity of cheat-
grass-dominated rangeland through assisted succession. J. Range Man-
ag. 57:203–210.

D’Antonio, C. M. and P. M. Vitousek. 1992. Biological invasions by exotic
grasses, the grass/fire cycle, and global change. Ann. Rev. Ecol. Syst.
23:63–87.

Davis, M. A., J. P. Grime, and K. Thompson. 2000. Fluctuating resources
in plant communities: a general theory of invasibility. J. Ecol. 88:528–
534.

Dersheid, L. A., K. E. Wallace, and R. L. Nash. 1960. Leafy spurge control
with cultivation, cropping and chemicals. Weeds 8:115–127.

Dersheid, L. A., G. A. Wicks, and W. H. Wallace. 1963. Cropping, cul-
tivation, and herbicides to eliminate leafy spurge and prevent reinfes-
tation. Weeds 11:105–111.

Diamond, J. M. 1975. Assembly of species communities. Pages 342–444
in M. L. Cody and J. M. Diamond, eds. Ecology and Evolution of
Communities. Cambridge: Belknap Press/Harvard University Press.

DiTomaso, J. M. 1999. Poison-Hemlock. Pages 290–298 in R. L. Sheley
and J. K. Petroff, eds. Biology and Management of Noxious Rangeland
Weeds. Corvallis: Oregon State University Press.

DiTomaso, J. M. 2000. Invasive weeds in rangelands: Species, impacts, and
management. Weed Sci. 48:255–265.

Eddleman, L. 2002. Broadcast seeding and site preparation in western ju-
niper woodlands. Pages 48–54 in Range Field Day 2002 Research and
Management: Management of Western Juniper on Rangelands. Cor-
vallis, OR: Oregon State University Department of Rangeland Re-
sources, Range Sciences Series Report 5.

Egler, F. E. 1954. Vegetation science concepts, I: initial floristic composi-
tion-a factor in old-field vegetation development. Vegetatio. 4:412–
417.

Evans, R. A., H. R. Holbo, J.R.E. Eckert, and J. A. Young. 1970. Func-
tional environment of downy brome communities in relation to weed
control and revegetation. Weed Sci. 18:154–162.

Fargione, J., C. S. Brown, and D. Tilman. 2003. Community assembly
and invasion: an experimental test of neutral versus niche processes.
Proc. Nat. Acad. Sci. 100:8916–8920.

Fletcher, R. A. and A. J. Renney. 1963. A growth inhibitor found in Cen-
taurea spp. Can. J. Plant Sci. 43:475–481.

Forcella, F. and S. J. Harvey. 1983. Eurasian weed infestation in western
Montana in relation to vegetation and disturbance. Madroño 30:102–
109.

Frost, R. A. and K. L. Launchbaugh. 2003. Prescription grazing for range-
land weed management. Rangelands. 25:43–47.

Gleason, H. A. 1917. The structure and development of the plant associ-
ation. Bull. Torr. Bot. Club 44:463–481.

Goodwin, K., R. Sheley, and G. Marks. 2006. Revegetation Guidelines for
Western Montana: Considering Invasive Weeds. Bozeman, MT: Mon-
tana State University Ext. Serv. Bull.

Grace, J. B. and D. Tilman. 2003. Perspectives on Plant Competition.
Caldwell, NJ: Blackburn.

Grime, J. P. 1979. Plant Strategies and Vegetation Processes. London: J.
Wiley.

Half, M. L. 2004. Enhancing native forb establishment and persistence
using a rich seed mixture. M.S. thesis. Montana State University, Boze-
man, MT.

Hamilton, J. G., C. Holzapfel, and B. E. Mahall. 1999. Coexistence and
interference between a native perennial grass and non-native annual
grasses in California. Oecologia. 121:518–526.

Hardegree, S. P. 1994. Drying and storage effects on germination of primed
grass seeds. J. Range Manag. 47:196–199.

Hardegree, S. P. 1996. Optimization of seed priming treatments to increase
low temperature germination rate. J. Range Manag. 49:87–92.

Hardegree, S. P., S. S. Van Vactor, T. A. Jones. 2002. Variability of thermal
response of primed and non-primed seeds of squirreltail [Elymus ely-
moides (Raf.) Swezey and Elymus multisetus (J.G. Smith) M.E. Jones].
Ann. Bot. 89:311–319.

Harper, J. L. 1977. The Population Biology of Plants. London: Academic
Press.

Hartwig, N. L. 1988. Crownvetch and min- or no-tillage crop production
for soil erosion control. Abstr. Weed Sci. Soc. Amer. 28:29.

Hartwig, N. L. and H. U. Ammon. 2002. Cover crops and living mulches.
Weed Sci. 50:688–699.

Herron, G. J., R. L. Sheley, B. D. Maxwell, and J. S. Jacobsen. 2001.
Influence of nutrient availability on the interaction between Centaurea
maculosa and Pseudoroegneria spicata. Ecol. Restor. 9:326–331.

Hierro, J. L. and R. M. Callaway. 2003. Allelopathy and exotic plant in-
vasion. Plant Soil. 256:29–39.

Huenneke, L. F., S. P. Hamburg, R. Koide, H. A. Mooney, and P. M.
Vitousek. 1990. Effects of soil resources on plant invasion and com-
munity structure in Californian serpentine grassland. Ecology. 71:478–
491.

Jacobs, J. S. and R. L. Sheley. 1998. Observation: life history of spotted
knapweed. J. Range Manag. 51:665–673.

Jones, T. A. 1997. Genetic considerations for native plant materials. Pages
22–25 in N. L. Shaw and B. A. Roundy, comps. Proceedings on Using
Seeds of Native Species on Rangelands. Ogden, UT: Intermountain
Research Station, USDA Forest Service General Technical Report
INT-GTR-372.

Kriticos, D., M. Nicholas, I. Radford, and J. Brown. 1999. Plant popula-
tion ecology and biological control: Acacia nilotica as a case study.
Biol. Control. 16:230–239.

Lacey, J. R., C. B. Marlow, and J. R. Lane. 1989. Influence of spotted
knapweed (Centaurea maculosa) on surface runoff and sediment yield.
Weed Technol. 3:627–631.

Levine, J. M., M. Vila, C. M. D’Antonio, J. S. Dukes, K. Grigulis, and S.
Lavorel. 2003. Mechanisms underlying the impacts of exotic plant
invasions. Proc. R. Soc. Biol. Sci. Ser. B. 270:775–781.

Lozon, J. D. and H. J. MacIsaac. 1997. Biological invasions: Are they
dependent on disturbance? Environ. Rev. 5:131–144.

Luken, J. O. 1990. Directing Ecological Succession. New York: Chapman
& Hall.

Lym, R. G. and C. G. Messersmith. 1993. Fall cultivation and fertilization
to reduce winter hardiness of leafy spurge (Euphorbia esula). Weed Sci.
41:441–446.

MacArthur, R. H. 1962. Generalized theorems of natural selection. Proc.
Natl. Acad. Sci. U S A. 48:1893–1897.

Maron, J. L. and P. G. Connors. 1996. A native nitrogen-fixing shrub
facilitates weed invasion. Oecologia. 105:302–312.

Maxwell, B. D., M. V. Wilson, and S. R. Radosevich. 1988. Population
modeling approach for evaluating leafy spurge (Euphorbia esula) de-
velopment and control. Weed Technol. 2:132–138.

McLendon, T. and E. F. Redente. 1991. Nitrogen and phosphorus effects
on secondary successional dynamics on a semi-arid sagebrush steppe.
Ecology. 72:2016–2024.

Miller, H. C., D. Clausnitzer, and M. M. Borman. 1999. Medusahead.
Pages 272–281 in R. L. Sheley and J. K. Petroff, eds. Biology and
Management of Noxious Rangeland Weeds. Corvallis, OR: Oregon
State University Press.

Morgan, J. P. 1994. Soil impoverishment. Restor. Manag. Notes. 12:1:55–
56.

Mosely, J. C., S. C. Bunting, and M. E. Manoukian. 1999. Cheatgrass.
Pages 175–188 in R. L. Sheley and J. K. Petroff, eds. Biology and
Management of Noxious Rangeland Weeds. Corvallis, OR: Oregon
State University Press.

Navie, S. C., F. D. Penetta, R. E. McFadyen, and S. W. Adkins. 2004.
Germinable soil seedbanks of central Queensland rangelands invaded
by the exotic weed Parthenium hysterophorus L. Weed Biol. Manag. 4:
154–167.

Noble, I. R. and R. O. Slatyer. 1980. The use of vital attributes to predict
successional changes in plant communities subject to recurrent distur-
bances. Vegetatio. 43:5–21.

Olson, B. E. 1999a. Impacts of noxious weeds on ecologic and economic
systems. Pages 19–36 in R. L. Sheley and J. K. Petroff, eds. Biology
and Management of Noxious Rangeland Weeds. Corvallis, OR:
Oregon State University Press.

Olson, B. E. 1999b. Grazing and weeds. Pages 85–96 in R. L. Sheley and
J. K. Petroff, eds. Biology and Management of Noxious Rangeland
Weeds. Corvallis, OR: Oregon State University Press.

Parker, R. and D. Peabody. 1983. Yellow toadflax and Dalmatian toadflax.
Pullman, WA: Washington State University, Pacific Northwest Coop-
erative Extension Bull. 135.

Paschke, M. W., T. McLendon, and E. F. Redente. 2000. Nitrogen avail-
ability and old-field succession in a shortgrass steppe. Ecosystems. 3:
144–158.

Pickett, S.T.A. 1982. Population patterns through twenty years of oldfield
succession. Vegetatio. 49:45–59.



Krueger-Mangold et al.: Ecologically-based invasive plant management • 605

Pickett, S.T.A., S. L. Collins, and J. J. Armesto. 1987. Models, mechanisms
and pathways of succession. Bot. Rev. 53:335–371.

Pokorny, M. L. 2002. Plant functional group diversity as a mechanism for
invasion resistance. M.S. thesis. Montana State University, Bozeman,
MT.

Poulsen, C. L., S. C. Walker, and R. Stevens. 1999. Soil seed banking in
pinyon-juniper areas with differing levels of tree cover, understory den-
sity and composition. Pages 141–154 in S. B. Monsen and R. Stevens,
comps. Proceedings: Ecology and Management of Pinyon-Juniper
Communities Within the Interior West. Ogden, UT.

Radosevich, S., J. Holt, and C. Ghersa. 1997. Weed Ecology, 2nd ed. New
York: J. Wiley.

Rice, P. 1999. Sulfur cinquefoil. Pages 382–387 in R. L. Sheley and J. K.
Petroff, eds. Biology and Management of Noxious Rangeland Weeds.
Corvallis, OR: Oregon State University Press.

Roundy, B. A., N. L. Shaw, and D. T. Booth. 1997. Using native seeds on
rangelands. Pages 1–8 in N. L. Shaw and B. A. Roundy, comps. Pro-
ceedings on Using Seeds of Native Species on Rangelands. Ogden,
UT: Intermountain Research Station, USDA Forest Service General
Technical Report INT-GTR-372.

Sagar, G. R. and A. M. Mortimer. 1976. An approach to the study of the
population dynamics of plants with special reference to weeds. Ann.
Appl. Biol. 1:1–47.

Sheley, R. L. and M. K. Denny. 2006. Community response of nontarget
species to herbicide application and removal of the nonindigenous
invader Potentilla recta L. West. N. Am. Nat. 66:55–63.

Sheley, R. L. and J. Krueger-Mangold. 2003. Principles for restoring in-
vasive plant-infested rangeland. Weed Sci. 51:260–265.

Sheley, R. L. and L. L. Larson. 1994. Comparative growth and interference
between cheatgrass and yellow starthistle seedlings. J. Range Manag.
47:470–474.

Sheley, R. L. and J. K. Petroff, eds. 1999. Biology and Management of
Noxious Rangeland Weeds. Corvallis, OR: Oregon State University
Press.

Sheley, R. L. and M. J. Rinella. 2001. Incorporating biological control into
ecologically based weed management. Pages 211–228 in E. Wajnberg,
J. K. Scott, and P. C. Quimby, eds. Evaluating Indirect Ecological
Effects of Biological Control. New York: CABI Publishing.

Sheley, R. L., J. S. Jacobs, and T. J. Svejcar. 2005. Integrating disturbance
and colonization during rehabilitation of invasive weed-dominated
grasslands. Weed Sci. 53:307–314.

Sheley, R. L., L. L. Larson, and J. S. Jacobs. 1999a. Yellow starthistle. Pages
408–416 in R. L. Sheley and J. K. Petroff, eds. Biology and Manage-
ment of Noxious Rangeland Weeds. Corvallis, OR: Oregon State Uni-
versity Press.

Sheley, R. L., M. Manoukian, and G. Marks. 1999b. Preventing noxious
weed invasion. Pages 69–72 in R. L. Sheley and J. K. Petroff, eds.
Biology and Management of Noxious Rangeland Weeds. Corvallis,
OR: Oregon State University Press.

Sheley, R. L., T. J. Svejcar, and B. D. Maxwell. 1996. A theoretical frame-

work for developing successional weed management strategies on
rangeland. Weed Technol. 10:766–773.

Symstad, A. J. 2000. A test of the effects of functional group richness and
composition on grassland invasibility. Ecology. 81:99–109.

Thoreau, H. D. 1860. Succession of forest trees. in New York Weekly
Tribune. October 6.

Tilman, D. 1977. Resource competition between planktonic algae: An ex-
perimental and theoretical approach. Ecology. 58:338–348.

Tilman, D. 1982. Resource Competition and Community Structure.
Princeton, NJ: Princeton University Press.

Tilman, D. 1984. Plant dominance along an experimental nutrient gradi-
ent. Ecology. 65:1445–1453.

Tilman, D. 1988. Plant Strategies and the Dynamics and Structure of Plant
Communities. Princeton, NJ: Princeton University Press.

Turk, K. J. 1983. Greenhouse alfalfa germination/water trial. Manteca, CA:
CelPril Industries Research Development Report 5:101–103.

Tyser, R. W. and C. H. Key. 1988. Spotted knapweed in natural area fescue
grassland: An ecological assessment. Northwest Sci. 62:151–160.

Velagala, R. P., R. L. Sheley, and J. S. Jacobs. 1997. Interference between
spotted knapweed and intermediate wheatgrass at low versus high den-
sities. J. Range Manag. 50:523–529.

Walsh, J. F. and K. J. Turk. 1988. Multifunctional seed coatings as an aid
in plant establishment. Pages 216–220 in Proceedings of the 1988
Forage Grassland Conference, Baton Rouge, LA. Belleville, PA: Amer-
ican Forage and Grassland Council.

Wardle, D. A. 2002a. Communities and Ecosystems: Linking the Above-
ground and Belowground Components. Princeton, NJ: Princeton Uni-
versity Press.

Wardle, D. A. 2002b. Plant species control of soil biota and processes. Pages
56–105 in S. A. Levin and H. S. Horn, eds. Communities and Eco-
systems. Princeton, NJ: Princeton University Press.

Westoby, M., B. Walker, and I. Noy-Meir. 1989. Opportunistic manage-
ment for rangelands not at equilibrium. J. Range Manag. 42:266–
274.

Whisenant, S. 1990. Changing fire frequencies on Idaho’s Snake River
plains: ecological and management implications. Pages 4–10 in Pro-
ceedings on the Symposium on Cheatgrass Invasion, Shrub Die-off
and Other Aspects of Shrub Biology and Management. Washington,
D.C.: USFS General Technical Report INT-276.

Whisenant, S. G. 1999. Repairing Damaged Wildlands. Cambridge, MA:
Cambridge University Press.

White, P. S. and S.T.A. Pickett. 1985. Natural disturbance and patch dy-
namics: an introduction. Pages 3–13 in S.T.A. Pickett and P. S. White,
eds. The Ecology of Natural Disturbance and Patch Dynamics. New
York: Academic Press.

Wright, H. A. and A. W. Bailey. 1982. Fire Ecology. New York: J. Wiley.
Zabinski, C. A., L. Quinn, and R. M. Callaway. 2002. Phosphorus uptake,

not carbon transfer, explains arbuscular mycorrhizal enhancement of
Centaurea maculosa in the presence of native grassland species. Funct.
Ecol. 16:758–765.

Received April 15, 2005, and approved January 10, 2006.


